Abstract. It remains to be clarified whether adoptive cellular therapy (ACT) in patients with advanced cancer, in whom strong immunosuppression and immune-escape mechanisms are established, has the potential to alter cytokine secretion from blood cells and affect the number of regulatory T cells (Tregs). In this study, the secretion of cytokines from peripheral blood cells and the number of peripheral blood Tregs were analyzed before and after ACT. Blood samples were collected from 109 consecutive cancer patients who received ACT, which consisted of anti-CD3 stimulated lymphokineactivated killer cells. For testing immune function, venous blood was obtained from patients before the start of therapy and after they had received 4 cycles of ACT. Of the 109 patients, 76 received ACT four times or more. All 109 blood samples at baseline and 76 follow-up samples were available. The secretion ability of various cytokines from peripheral blood cells was measured, as well as the number of peripheral blood Tregs. We found that the secretion ability of interferon (IFN)-γ and tumor necrosis factor (TNF)-α was enhanced significantly after treatment, while the number of Tregs and the ratio of Treg to CD4 was significantly decreased. Overall survival in patients with increased IFN-γ and TNF-α secretion after ACT was significantly longer. These findings suggest a potential therapeutic role for ACT in cancer immunotherapy.
Introduction
Cancer-directed immune-based therapies focus on eliciting a cytotoxic T cell (CTL) response due to the fact that CTLs directly kill tumor cells. However, most of these strategies have been occluded by strong immunosuppression and immune-escape mechanisms that become established in tumor-bearing hosts (1, 2) . Tumor-induced immune suppression is caused by numerous mechanisms, many of which involve the accumulation of immune-suppressive infiltrates into the tumor microenvironment. One of the most potent and well-studied suppressive phenotypes found in the tumor microenvironment is the regulatory T cell (Treg). Tumors may differentiate, expand, recruit and activate Tregs via multiple mechanisms, and potentially abrogate antitumor immunity (3) . Tregs have been shown to increase in the tumor and the peripheral blood of patients with cancer (4) (5) (6) (7) (8) (9) (10) (11) (12) , and to be inversely related to the outcome of several types of human malignancies (10, 12) . Consistent with these findings, previous studies have demonstrated that deletion of Tregs results in the enhancement of effective tumor immune responses via the removal of such strong immunosuppression (13) (14) (15) (16) (17) (18) . Therefore, blocking the migration of Tregs or their function by means of immunotherapeutic approaches may prove beneficial in cancer therapy.
Recently, it has been reported that CD4 + T helper (Th) cells are crucial for the induction of effective antitumor immunity. Th cells are primarily responsible for enhancing and sustaining CD8 + T cell responses (19, 20) . Apart from the key role of CD4 + cells in controlling CD8 + T cell reactivity to antigens, which emphasizes the distinct roles of Th1 and Th2 cells in tumor eradication, it has been demonstrated that Th cells have direct cytolytic effects via multiple pathways (21, 22) and activate antigen-presenting cells (23 (25) . Anti-CD3 stimulated lymphokine-activated killer (CD3-LAK) cells used in this study have been reported to be effective in therapeutic animal models (26, 27) , whereby CD3-LAK cells are already being used in clinical applications. Although CD3-LAK therapy was found to be only minimally effective in the treatment of large tumor burdens, adjuvant use of CD3-LAK therapy is reported to contribute to significant risk reduction of tumor recurrence (28, 29) . There are many reports that CD3-LAK cells display non-specific lytic activity in a broad spectrum of tumors (30) . However, it remains to be clarified whether CD3-LAK therapy in patients with advanced cancer, in whom strong immunosuppression and immune-escape mechanisms are established, has the potential to alter cytokine secretion from blood cells and affect the number of Tregs. To resolve these issues, the secretion ability of cytokines in whole blood and the number of peripheral blood Tregs before and after ACT using CD3-LAK cells were examined in advanced cancer patients. The relationship of the immunological response with clinical efficacy after ACT treatment was also assessed.
Patients and methods
Patients and blood samples. Blood samples from 109 consecutive cancer patients who were scheduled to receive ACT with CD3-LAK cells were collected intravenously at Hyakumanben Clinic between October 2008 and December 2009. Among the 109 patients, 3 received ACT as postoperative adjuvant therapy for the prevention of disease recurrence, and 106 received this therapy for advanced or recurring diseases. The patients received ACT at 2-week intervals and this continued until they were unable to receive further treatment due to either poor general condition or if they refused any further treatment. For testing immune function, venous blood was obtained from patients before starting the therapy and during the follow-up, which was after 4 cycles of ACT. Of the 109 patients, 76 received ACT four times or more. First follow-up blood sampling was carried out immediately before the 5th ACT (2 weeks after the 4th ACT; Fig. 1 ). All 109 blood samples at baseline and 76 first follow-up samples were available.
Healthy individuals were selected as controls for comparison with our cancer patients. Of the 49 healthy subjects, 41 were men and 8 were women. These subjects were selected from individuals receiving medical examinations at the clinic who had no acute or chronic disease. The median age of the healthy controls was 54 years (range 40-78).
All subjects gave written informed consent. The institutional review board approved the present study.
Lymphokine-activated killer cell preparation. Peripheral blood (30-40 ml) was taken from the patients. Mononuclear cells were separated and resuspended in a CultiLife215 bag (Takara Bio, Otsu, Japan) pre-coated with anti-CD3 (Janssen Pharmaceutical, Tokyo, Japan) and then cultured in serumfree media, GT-T505 (Takara Bio), supplemented with 1% heat-inactivated plasma and 1,000 U/ml recombinant interleukin (IL)-2 (Nipro, Osaka, Japan) for 2 days. At day 7, the cells were transferred to a CultiLifeEva bag (Takara Bio), and GT-T503 media was added. At day 9, IL-2 and 1% heat-inactivated plasma were added. At day 14, the cells were harvested and resuspended in 100 ml saline with 1% human albumin, as the final cell product. These cell products were assessed for viability and checked for contamination with bacteria, fungi and endotoxins.
Cytokine assay. Methods for quantifying IFN-γ production in whole human blood have been described previously (31) . Briefly, heparinized peripheral blood was cultured with Sendai virus (HVJ, 500 HA/ml) within 8 h after the withdrawal of blood. The blood-virus mixture was incubated at 37˚C for 20 h, and IFN-γ activity in the supernatants was quantified by bioassay. Other cytokines were measured according to the following procedure: heparinized whole blood was diluted 4-fold with Eagle's minimal essential medium (MEM; Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) and stimulated with phytohemagglutinin (PHA; 25 µg/ml). After 48 h of incubation at 37˚C, supernatants were harvested by centrifugation at 800 x g for 10 min and stored at -80˚C until analysis. Cytokine levels in the samples were measured using a multiplex cytokine array system (Bio-Plex; Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer's instructions. The Multiplex Th1/Th2 bead kit (Bio-Rad) included various cytokines [IL-2, IL-4, IL-5, IL-10, IL-12(p70), IL-13, TNF-α, IFN-γ and granulocyte-monocyte colony-stimulating factor (GM-CSF)]. Data acquisition and analysis were carried out using the Bio-Plex Manager Software, version 5.0.
Flow cytometric analysis.
To determine the regulatory cell phenotype, flow cytometry of whole blood was performed using the following antibodies: PE-Cy™5 mouse anti-human CD4; PE mouse anti-human CD25, Alexa Fluor ® 488 mouse anti-human Foxp3 and Alexa Fluor ® 488 mouse IgG1κ isotype control (all purchased from BD Biosciences Pharmingen, San Diego, CA, USA). For whole blood staining, 500 µl of whole blood was incubated with appropriate amounts of fluorochrome-labeled antibodies in the dark at room temperature for 30 min. After lysing red blood cells using BD FACS™ lysing solution, cells were treated with human FoxP3 buffer A and buffer B as described in the manufucturer's recommended procedure for the Human Foxp3 Buffer set (BD Biosciences Pharmingen). After permealization, anti-Foxp3 was added for 30 min at room temperature and washed once. Flow cytometry was performed on a Becton Dickinson FACSCalibur, and CellQuest Software (Becton Dickinson, Oxford, UK) was used for the analysis. The phenotype of the Tregs was defined as positive for CD4, CD25 and Foxp3.
Statistical analysis. Variables were compared by means of a non-parametric test (Mann-Whitney) for intergroup comparisons. A paired t-test was used to compare results before and after treatment. Overall survival was calculated from the first day of ACT until the last follow-up. Overall survival rates were analyzed using Kaplan-Meier curves and the related log-rank test. P-values of <0.05 were considered significant. All statistical analyses were performed using GraphPad Prism (version 5.0) for Windows (GraphPad Software, Inc., La Jolla, CA, USA). Table I . The median age was 63 years (range 23-89). The types of cancer varied, as shown in Table I . Only 3 patients were in a post completely resected state for their cancers, and all remaining patients had inoperable advanced or recurrent cancers. There was a number of patients with defective general status and 51 patients (46.8%) with an Eastern Cooperative Oncology Group (ECOG) performance score of ≥2. Approximately 90% of the patients had already received some treatment and most of them continued their treatment (e.g., chemotherapy, radiation therapy and hyperthermia) after starting ACT. The median frequency of ACT that patients had received was 6 times (range 0-27), and the total number of transferred LAK cells was 25 (range, 0-116.8) x 10 9 .
Results

Patient characteristics. Patient characteristics are summarized in
Comparison of cytokine production and absolute number, and proportion of Tregs in the peripheral blood between healthy controls and cancer patients. As shown in Table II , the level of IFN-α secreted (P=0.0005) in whole blood was significantly lower in cancer patients compared to the healthy controls, while IFN-γ (P=0.0007) secretion was significantly higher. The levels of secreted TNF-α, IL-2, IL-4, IL-5, IL-10, IL-12(p70), IL-13 and GM-CSF in cancer patients and controls did not differ. Even though white blood cell counts in the peripheral blood did not differ between the two groups, the lymphocyte count in cancer patients was significantly lower compared to the healthy controls (P<0.0001). The proportion of Tregs to CD4 + lymphocytes (Treg/CD4) did not differ between the two groups.
Effect of ACT on cytokine production. The levels of many cytokines secreted after ACT treatment were substantially altered (Table III) . The value for IFN-α did not change after ACT treatment when compared to the value before treatment.
As for Th1 cytokines, both IFN-γ and TNF-α were markedly increased after ACT, while IL-12 (p70) was decreased and IL-2 did not change. As for Th2 cytokines, IL-4, IL-5, IL-13 and GM-CSF were significantly increased after ACT, while IL-10 remained unchanged. The proportions of IFN-γ to IL-4 (IFN-γ/IL-4) and IFN-γ to IL-10 (IFN-γ/IL-10) were both significantly increased after ACT. Table IV , the number of lymphocytes in the peripheral blood after ACT was slightly elevated compared to pre-treatment levels, but the difference was not significant (P=0.085). The number and the proportion of Tregs, however, were significantly lower compared to pre-treatment values.
Effect of ACT on the absolute number and proportion of Tregs. As shown in
Relationship between immunological parameters and clinical outcome.
The relationship between overall survival and immunological variables, which was altered significantly after ACT, was assessed in 76 patients whose blood samples at baseline and after four cycles of treatment were available. The median length of follow-up was 155 days (range 43-494). According to Kaplan-Meier analysis, there was a significantly longer overall survival in patients who had increased IFN-γ secretion after ACT (log-rank test P=0.04; Fig. 2A) . Similarly, the overall survival was significantly longer in patients with increased TNF-α secretion after ACT (log-rank test P= 0.03; Fig. 2B ). As for the Tregs, overall survival was evaluated based on the number of lymphocytes present. Thus, after ACT the overall survival tended to be longer in patients with decreased Tregs, but with normal levels of lymphocytes compared to the other patients; yet this was not statistically significant (log-rank test P= 0.10; Fig. 2C ).
Discussion
It remains to be determined whether ACT in patients with advanced cancer, in whom strong immunosuppression and Table III . Cytokine production in the cancer patients before and after ACT. Values are expressed as the means ± SD. The paired t-test was used to determine statistical differences. NS, not statistically significant.
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immune-escape mechanisms are established, may potentially alter the undesirable immunological conditions noted in cancer. In the present study, we demonstrated that in advanced cancer patients ACT had the strong potential to enhance the Th response and to shift the balance of cytokine production to Th1. Moreover, we confirmed that ACT induced a decrease in the number of Tregs in the peripheral blood of patients with advanced cancer. In the present study, cytokine secretion and Tregs in the peripheral blood of 109 patients with various types of cancers and in 76 patients after ACT were extensively examined. To the best of our knowledge, there has been no prior clinical study reporting the effects of ACT on specific immunological parameters in patients with cancer. When certain immunological parameters were examined in cancer patients before ACT, we found that IFN-α production in whole blood was significantly low compared to the healthy controls. These results agree with previous findings in patients with lung cancer and hepatocellular carcinoma (31, 32) . Secretion of IFN-γ in cancer patients was significantly high when compared to the healthy controls, while Th2 cytokines, such as IL-4, IL-5, IL-10 and IL-13, did not differ between the cancer patients and healthy controls. This suggests that peripheral Th cells in patients with cancer differentiate towards Th1, yet they are not active enough against cancer to result in cancer rejection. Evidence from a number of laboratories indicates that a higher amount of Tregs is observed in the blood of patients with cancer compared to healthy subjects (4) (5) (6) (7) (8) (9) (10) (11) . In disagreement with these studies, we did not find a higher amount of Tregs in patients with cancer compared to healthy subjects. This may be explained by the different conditions of the subjects between the studies. In the present study, most of the patients had previously received Table IV . Number and proportion of Tregs in cancer patients before and after ACT. Values are expressed as the means ± SD. The paired t-test was used to determine statistical differences. NS, not statistically significant. Figure 2 . Kaplan-Meier survival curves of 76 patients. Association of changes in the secretion abilities of (A) IFN-γ, (B) TNF-α and (C) the number of Tregs after ACT treatment with overall survival in patients with advanced cancer.
A B C
several courses of chemotherapy or radiation therapy, and their general condition had deteriorated more than that of patients in the other studies who had not received any treatment. We demonstrated that, after four cycles of treatment, ACT enhanced the secretion of both Th1 cytokines (IFN-γ and TNF-α) and Th2 cytokines (IL-4, IL-5, IL-13 and GM-CSF) from blood cells. ACT also had the potential to shift the balance of Th cytokines to the Th1 type in advanced cancer patients as the proportion of IFN-γ to IL-4 was significantly increased after ACT. It is generally believed that the predominant tumoricidal effector mechanism is the cytotoxic killing effect of CD8 + T cells. However, increasing attention is being focused on the stimulation of CD4 + (Th) cells in their response to cancer immunotherapy. Th cells produce many factors that are able to overcome immunosuppression and influence the tumor antigen-specific CTL response (33, 34) . Th1 cells, characterized by their secretion of IFN-γ and TNF-α, are primarily responsible for activating and regulating the development and persistence of CTLs (19, 20) . Several studies found that Th cells have direct cytolytic effects via multiple pathways involving the Fas/FasL and TNF-related apoptosisinducing ligand (TRAIL) pathways (22) . In addition, Th1 cells have been found to activate antigen-presenting cells and contribute to antigen presentation to CTLs (23) . Th2 cells recruit and activate eosinophils that are able to produce antitumor factors (35) . Thus, Th cells mediate antitumor effects via a variety of mechanisms, by enhancing and supporting the immune environment via cytokine secretion, directly stimulating the recruitment of CTLs, directly inducing cytotoxic effects to the tumor itself and orchestrating the recruitment and activation of innate immune cells.
Romagnani et al reported that cell-mediated immunity is preferentially activated by Th1 cytokines, whereas Th2 cytokines have a suppressive action on cell-mediated immunity (36) . However, it has been clearly shown that not only Th1, but also Th2 cells initiate a CTL-based immune response in some murine tumor models. Fallarino et al showed that by infusing Th1 and Th2 clones into tumor-bearing mice a CTL-mediated antitumor response is activated, resulting in quantitative rather than qualitative differences in antitumor activity between Th1 and Th2 cells (37) . Hung et al demonstrated that protection against B16 melanoma challenge in vaccination-challenge experiments was completely eliminated in IFN-γ -/-mice, whereas in IL-4 -/-mice, protection was reduced by approximately 50% relative to vaccinated wild-type controls (35) . These findings indicate that Th1 and Th2 effector mechanisms actually collaborate with each other in directing an effective antitumor response rather than antagonizing each other. These mechanisms have important implications for the development of cancer immunotherapy.
In the present study, a significant decrease in the number and proportion of Tregs in the peripheral blood was also observed. A number of studies in mice have revealed that depletion of Tregs elicits effector responses that lead to tumor eradication (17, 18) . Therefore, manipulation of Tregs, including their depletion, blocking their trafficking into tumors or reducing their differentiation and suppressive mechanisms, represent novel strategies in cancer treatment. Previous clinical studies have demonstrated that Treg depletion alone or in combination with active immunotherapy increased effector T cell activation (14) (15) (16) . In the present study, it is suggested that ACT has a strong potential to reduce the number of Tregs. Nishikawa et al (38) showed that IFN-γ abrogated the generation/activation of CD4 + CD25 + Tregs. In addition, it has been shown that the amount of Tregs in tumor-bearing mice was significantly decreased by Th1 cell therapy, in which tumorspecific Th1 cells were intradermally injected with a tumor antigen near tumor-draining lymph nodes (24) . The authors of that study demonstrated that the observed blockade of Treg accumulation did not occur in tumor-bearing IFN-γR -/-mice. Thus, it is possible that the decrease in Tregs in the present study after ACT administration was IFN-γ-dependent as the secretion of IFN-γ from peripheral blood cells was increased significantly after ACT. It will be necessary to examine the exact mechanism by which ACT reduces the number of Tregs in peripheral blood in more detail.
CD3-LAK cells used in this study are defined as lymphoid cells activated in vitro by exposure to IL-2 and monoclonal antibodies that bind to the CD3 complex (26, 27) . It is generally believed that the antitumor effect of CD3-LAK cell depends on its direct lytic activity against tumors (30) . Unlike CTL, which are characterized by their MHC-restricted immunoreactivity to tumor-associated antigens, CD3-LAK cells display non-specific immunoreactivity. In this study, we demonstrated that CD3-LAK therapy has a strong potential to enhance the production of both Th1 and Th2 cytokines and to reduce the number of Tregs. Furthermore, we revealed that, among the immunological parameters examined in this study, only the increase in secretion of IFN-γ and TNF-α after CD3-LAK therapy correlated with survival. There were no significant differences in age, gender or performance status at the start of CD3-LAK therapy between the patients with an increase in IFN-γ or TNF-α secretion and the patients without these changes (data not shown). Therefore, longer survival in the patients with increased IFN-γ or TNF-α secretion can be regarded as the direct effect of CD3-LAK therapy. We provide the first evidence that CD3-LAK therapy supports the immune environment via cytokine secretion and the reduction of Tregs. Thus, it is necessary to reevaluate the potential role of CD3-LAK in cancer immunotherapy from these aspects.
In conclusion, we demonstrated that ACT has the potential to enhance the Th response and reduce the number of Tregs in advanced cancer patients who are in a strong immunosuppressive state. Overall survival is significantly longer in patients who have increased IFN-γ or TNF-α secretion after receiving ACT. These findings suggest a novel potential therapeutic role of ACT in cancer immunotherapy. We believe that novel strategies of cancer immunotherapy based on these antitumor effects of ACT will succeed in the near future.
